Abstract Temporal changes of plasma erythropoietin (Epo) in mice exposed to hypobaric hypoxia were studied by a fetal mouse liver cell culture method. Since a colony formation inhibitory activity was found in the mouse plasma, thirteen pretreatment procedures for bioassay were compared and the procedure of shaking with chloroform followed by dialysis was concluded to be the best. When normal mice (P50 = 40.4 + 2.2 Torr) were exposed to hypoxia of 350 Torr, the plasma Epo level was elevated, with peak at the 2nd to 3rd day, and afterwards declined gradually. On the contrary, cyanated mice (P50 = 30.1 + 1.5 Torr) showed much less of the Epo response when exposed to 350 Torr. Under 200 Torr hypoxia, both mice exhibited a similar and remarkable extent of the response. These results suggest that the renal Epo-producing tissue or its oxygen-sensing system is less hypoxic in cyanated mice than in normal mice under 350 Torr, and that the physiologically optimal oxygen affinity of blood is variable depending on hypoxic degrees. The fact that the inhibitory activity showed an inverse temporal change to that of Epo, suggested a possible important role of this activity in the regulation of erythropoiesis under hypoxia.
stimulus (JELKMANN, 1986a, b) . But, the quantitative relationship between hypoxia and Epo production remains to be examined. For example, although a rapid increase in plasma Epo is usually observed after hypoxic exposure (FINNS, 1965; ABBRECHT and LITTELL, 1972; RUSSELL and KEIGHLEY, 1972; SCHOOLEY and MAHLMANN, 1975; DUNN et al., 1976 DUNN et al., , 1980 SCARO et al., 1984) , the peak times range widely from 8 h (SCARO et al., 1984) to 2 days (DUNK et al., 1976 (DUNK et al., , 1980 in mice. These variations have been ascribed to the differences of sex (RUSSELL and KEIGHLEY, 1972) , strain (RUSSELL and KEIGHLEY, 1972) , as well as Epo assay method used.
Here we intended to clarify the precise temporal pattern of plasma Epo changes when mice were exposed to hypobaric hypoxia. Furthermore, we verified the general contention that the higher oxygen affinity of blood is advantageous for oxygen transport under severe hypoxia (LAHIRI, 1975; HEBBEL et al., 1978) , using plasma Epo level as a keen index for tissue hypoxia. As the importance of inhibitory factor(s) in the regulation of erythropoiesis has become recently appreciated (NAIMAN et al., 1987) , the temporal pattern in hypoxic mice was also examined.
MATERIALS AND METHODS
Plasma erythropoietin assay. The fetal mouse liver cell culture method, which was developed in this laboratory (SAKATA et al., 1987) and requires only 10 tl of plasma sample, was used. Sheep plasma Epo step 3 (Connaught, 200 IU in 61 mg) was used as standard Epo.
Plasma pretreatment. Heparinized blood was obtained from inferior caval vein. Plasma was separated by centrifugation at 3,000 rpm for 15 min and stored at -90°C until use. Since an erythroid inhibitory activity was found in raw murine plasma, the following procedures were examined for their efficiency to remove the inhibitor(s): treatment by chloroform (GRANSTROM,1972 ), ether (CHAN et a!., 1971 , dialysis (SAKATA et al., 1987) , heating (SAKATA et al., 1987) , acidification (SAKATA et al., 1987) , and boiling (SAKATA et al., 1987) . Freezing and thawing procedure: Plasma was frozen and thawed multiple times (once to 10 times). DEAF-cellulose chromatography: Plasma was loaded onto the column (0.4 x 7 cm) of DEAEcellulose (Whatman, DE-52) equilibrated with 0.025 M acetate buffer (pH 4.8 or 5.2). The column was first eluted with the same buffer until A280 of the eluates returned to baseline, and then with 1.0 M NaCI-0.1 M phosphate buffer (pH 7.0). These fractions were dialyzed overnight against distilled water and lyophilized. These pretreatments were carried out singly or in combination. The resultant plasma was sterilized through Millipore filter (SJHV013NS, pore size 0.45 ,um) and frozen at -90°C until use.
Assay of erythroid colony-inhibiting factor(s) in plasma. Culture medium containing Epo (250 mU Jml) for maximum erythroid colony formation was used; and the extent of decrease in colony formation when untreated plasma samples were added to it was calculated as the inhibitory activity.
Preparation of mice with high oxygen-affinity blood. Cyanate, when HYPOXIA   AND  PLASMA  ERYTHROPOIETIN  835 administered, has been shown to react mainly with the a-amino groups of Hb in vivo,
and to elevate oxygen affinity of blood (KILMARTIN and ROSSI-BERNARDI, 1969) . The unreacted cyanate was rapidly decomposed to carbon dioxide and excreted through lung and urine with no or little irreversible damage to the organism (CERAMI et al., 1973) . In this study, mice with high oxygen-affinity blood were obtained by oral uptake (ad libitum) of 0.5% NaCNO. Exposure to hypoxia. Male mice of ICR strain aged 10 to 12 weeks were exposed to hypobaric hypoxia in groups of 4 to 6 mice. Hypobaric chamber was home-made from a commercially available airtight Plexiglas chamber and the extent of decompression was finely adjusted with a Teflon needle valve (Enoki et al., unpublished) . Mice in the chamber were allowed to take food and water ad libitum during hypobaric exposure. The chamber was opened once a day for 15 min to clean and replenish with food and water.
Determination of blood oxygen affinity (F50). oxygen dissociation curves (ODC) were constructed by a modification of the previously reported microtonometric method (KoxzuKI et al., 1983) . Conventionally the P50 (P02 for half oxygenation of blood at pH 7.40, Pco2 40 Torr, 37°C) was computed by one-point procedure (ABERMAN et al., 1975) . Blood gases (pH, P02, Pco2) were determined by BMS3 Mk2 Blood Micro System (Radiometer, Copenhagen), and Sot by an oxygen saturation meter (OSM-2, Radiometer, Copenhagen). Hematological determinations. Immediately after exposure to hypoxia, a drop of tail blood was obtained for reticulocyte count, and heparinized blood was drawn from inferior caval vein for determination of hematocrit (Ht), Hb concentration, P50, red cell 2,3-diphosphoglycerate (DPG) (MAEDA et al., 1971) , and Epo.
Statistics. Unpaired Student's t-test was used to compare differences between the groups subjected to different degrees of hypoxia, and between the normal and cyanated groups.
RESULTS

Plasma pretreatment
Comparison of pretreatment procedures. The same plasma pooled from ICR strain mice was treated and assayed, and stimulatory and inhibitory activities (%) were calculated :
where Nx, Nmax, and Nmin are number of erythroid colonies formed in the culture media added test plasma, sufficient dose (250 mUf ml) of Epo, and only phosphate-buffered saline (without added Epo), respectively. NmaX and Nmin are triplicate means.
where the higher % represents higher content of inhibitor(s) in the plasma. Chloroform-dialysis (CD)-treated plasma showed the highest erythroid stimulation (73.8 + 14.9%) and the lowest inhibition (-12.0±3.9%). Therefore, CD pretreatment was used throughout in this study.
Comparison of CD-treated plasma and standard Epo. In Fig. 1 , dose-response curves of CD-treated murine plasma and standard Epo are depicted. The dose-response curve for CD-treated plasma was linear and parallel to that of standard Epo from 1/4-to 1-fold concentrations, while the curve for untreated plasma showed an increasing inhibition upon increasing concentration of plasma. In view of these results, the Epo assays were performed with 2-fold-diluted CD-treated plasma. Since average % recovery of 40.8 was found for the standard Epo by our present procedure, the obtained values of Epo potency were corrected by a factor of 0.408.
Immunological identification of Epo in CD-treated plasma. As shown in Table  1 , anti-human Epo monoclonal antibody (GoTo et al., 1989) abolished completely the colony-stimulating activity of standard Epo and plasma from normal and hypoxic mice. However, preincubation of the antibody with anti-mouse IgG goat antisera saved this activity perfectly. These results indicate that the colonystimulatory factor in CD-treated plasma is undoubtedly Epo. Preparation of mice with high oxygen-affinity blood by oral administration of cyanate Oral administration of cyanate and blood ODC. Figure 2 shows blood ODC (pH 7.40, Pco2 40 Torr, 37°C) of mice drinking 0.5% NaCNO or the equimolar (0.45%) NaCI. We found no difference between ODC of mice before and after drinking saline for 5 to 12 days, while there occurred significant left shift of ODC (higher oxygen affinity, lower P50) depending on the drinking period of NaCNO. Mice drinking cyanate for 8 days exhibited the highest oxygen affinity (P50 = 30.1 + 1.5 Torr, n = 4) compared with the normal mice (P50 = 40.4 ± 2.2 Torr, n =10) (Table 2) , and this elevation of the oxygen affinity lasted even after 22 days. Cyanate drinking, however, gave rise to no alteration in the red cell 2,3-DPG.
Toxicity of NaCNO. Figure 3 shows temporal changes of body weight during and after drinking of cyanate. The finding that body weight decreased during drinking but after that increased rapidly, confirms the previous observation by CERAMI et al. (1973) . In view of these facts, the cyanated mice were allowed to drink water for two days after NaCNO period, and then used for experiments. The cyanated mice showed normal ranges of blood urea nitrogen of 25.5 ± 1.7 mg/dl and serum creatinine concentration of 0.4 + 0.2 mg/dl (MITRUKA and RAWNSLEY, 1977) . Vol. 39, No. 6, 1989 Table   1 . Immunological identification of erythropoietin (Epo) in chloroform-dialysis-treated murine plasma. Fig. 2 . Modification of oxygen dissociation curves (pH 7.40, Pco2 40 Torr, 37°C) of mouse blood by oral administration of cyanate. X control, drinking water; 0 drinking 0.45% NaCI for 5 days; • drinking 0.45% NaCI for 12 days; 0 drinking 0.5% NaCNO for 2 days; A drinking 0.5% NaCNO for 8 days. Hypoxia exposure, blood oxygen affinity, and plasma Epo level Intensities of hypoxia were 350 Torr (0.46 atm, 6,050 m simulated altitude, Pio2 = 62.9 Torr) and 200 Torr (0.26 atm, 9,930 m simulated altitude, PIo2 = 31.5 Torr), and the duration was up to 10 days.
Three hundred and fifty Torr hypoxia exposure. Figure 4 shows temporal changes of Epo in normal and cyanated mice. In normal mice, plasma Epo titers increased significantly after a short lag, with the peak value of 4.1-fold higher than the prehypoxic level at the 3rd day, and afterwards declined gradually regardless of the continuing exposure (p <0.05 from the 6th hour to the 4th day as compared with the prehypoxic value) (Fig. 4, Table 3 ). In cyanated mice, plasma Epo titers elevated significantly (1.6-fold, p <0.05) only at the 2nd day. When comparing the hypoxic increments of plasma Epo in the two groups of mice, it should be noted that the Epo response to hypoxia was much less in the cyanated mice than in the normal mice from the 6th hour through the 10th day (Fig. 5) .
Two hundred Torr hypoxia exposure. As shown in Fig. 4 , roughly similar extent of increase was found in plasma Epo of the two groups of mice, the peak value being 5.2-fold elevated in the normal mice and 6.9-fold higher in the cyanated as compared with the prehypoxic level (Fig. 4, Table 3) . Consequently, the Epo responses to hypoxia were not different from each other in the two groups (Fig. 6) .
Intermittent exposure to 200 Torr hypoxia. As shown in Fig. 4 and Table 3 , extents of the increase in plasma Epo under 350 and 200 Torr hypoxia were not so different from each other in normal mice. Since this might be due to damages of the Epo-producing renal tissues under severe hypoxia of 200 Torr (SCHUREK and KRIZ, 1985) , this possibility was examined by observing the Epo production under intermittent exposure to 200 Torr. Both the normal and cyanated mice were exposed to 200 Torr hypoxia interrupted with normoxic period of 4 h a day. Plasma Epo in the intermittently hypoxic mice was essentially not different from that in the continuously hypoxic ones.
Ht and Hb concentration increased, 1.2-to 1.5-fold in both normal and cyanated mice as compared with the prehypoxic values, from the 1st to 10th day under Vol. 39, No. 6, 1989 hypoxia in all the exposures. Reticulocyte counts remained almost constant in cyanated mice under 350 Torr hypoxia, but increased significantly, 1.9-to 3.1-fold in normal and 1.3-to 1.8-fold in cyanated mice as compared with the prehypoxic values, in the other exposures. Epo and erythroid colony-inhibiting factor(s). While there is no doubt that Epo plays an important role for erythropoiesis, there is a possibility that inhibiting factor(s) may play some role in the regulation of erythropoiesis (Fig. 1) . Therefore, the temporal changes of inhibiting factor(s) were determined and compared with that of plasma Epo in normal murine plasma during 350 Torr hypoxia exposure. Figure 7 shows that plasma Epo increased significantly after the 6th hour, with the peak at the 3rd day, while the inhibitory activity decreased steadily and some recovery was found after 10 days (p<0.01).
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DISCUSSION
Plasma pretreatment. Epo bioassay is influenced formation inhibiting factor(s) in plasma (SAKATA et al., necessary to remove the inhibitor(s) before Epo bioassay, Vol. 39, No. 6, 1989 by erythroid colony-1987). Therefore, it is and by comparison of the thirteen pretreatment procedures CD treatment was concluded to be the best for mouse plasma. The fact that acid-boiling-chloroform treatment is the best for human plasma (SAKATA et al., 1987) may reflect a species difference of the inhibitor(s). Dose-response examinations of CD-treated murine plasma and standard Epo revealed that the 2-fold-diluted sample had no inhibitory activity while further-concentrated plasma brought more or less inhibitory effect on the colony formation (Fig. 1) . Therefore, we used the CD-treated plasma after 2-fold dilution in the present Epo assays, although multiple dose-parallel line bioassay (DUNN and NAPIER, 1978 ) is more desirable for accuracy. Recently, it has become possible to prepare purified Epo (YANAGAWA et al., 1984) and to obtain reliable anti-Epo antibody. On using anti-Epo monoclonal antibody thus raised (GoTo et al., 1989) , we reexamined whether the stimulator bioassayed was Epo or not. It is evident that the stimulator in mouse plasma is Epo, and that it increases under hypoxia ( Table 1) . Effect of cyanate administration. The elevation of blood oxygen affinity by NaCNO was 10 Torr in terms of Pso (Table 2) and lasted for at least 22 days after discontinuation of NaCNO. This latter fact seems to be somewhat strange in view of the previous finding that murine red cells undergo a random (exponential) decay with considerable short half-life (BURWELL et al., 1953) . As 2,3-DPG content in red cells is unchanged (Table 2) , the lower Pso cannot be attributed to the change of 2,3-DPG content. Half-life of administered cyanate is shown to be very short (CERAMI et al., 1973) , say 30 to 40 min in humans (BAUER et al., 1981) . Therefore, mice drinking water for 2 days after discontinuation of NaCNO can be considered to suffer from no remaining effect of free cyanate. While most of administered NaCNO is rapidly excreted, cyanate that covalently binds to N-termini of Hb brings forth persistent high oxygen affinity of blood (KILMARTIN and ROSSI-BERNARDI, 1969) . As far as assessed by blood urea nitrogen and serum creatinine, function of Vol. 39, No. 6, 1989 the kidney, a principal Epo-producing organ, is not disturbed by NaCNO drinking. Reduction of water uptake in the cyanated mice (1.5 + 0.4 ml/(day . mouse) against 7.8 + 0.4 ml/(day . mouse) in control) is thought to be partially responsible for body weight loss during NaCNO administration (Fig. 3) . Hypoxia exposure and Epo. Quite inconsistent findings have been reported in previous literature. The peak value of plasma Epo was observed at as early as 8 h of exposure to 4,200 m simulated altitude (SCARO et al., 1984) , and after 2 days' exposure to either 5,440 m (DUNK et al., 1976 ) or 9,330 m (DUNK et al., 1980 simulated altitude. Others reported the peak after 16 h at 5,440 m (FINNE, 1965) and at earlier time under more severe hypoxia (ABBRECHT and LITTELL, 1972) . The present results agree well with those by DUNK et al. (1976 DUNK et al. ( , 1980 under comparable seventies of hypoxia. The present result that mode of hypoxia (200 Torr) exposure, either continuous or intermittent, brought forth no difference in Epo production (Table 3) does not agree with that by SCHOOLEY and MAHLMANN (1975) at 5,400 m. This can be interpreted as that the present hypoxia (9,930 m) was so severe that it might be hazardous to the Epo-producing tissues.
Blood oxygen affinity and plasma Epo: Blood oxygen affinity (P50) is one of the most important factors for oxygen homeostasis in a living organism, and the optimal P50 value for oxygen transport is not fixed but depends on many factors, such as environmental Pot. There have been few actual proofs for this contention, however, and few practical studies of this problem. Epo production has been believed to be regulated by hypoxic degrees, especially in renal tissues (JELKMANN, 1986a, b) . Thus it might be possible to assess the optimal blood oxygen affinity by plasma Epo titers as an index of tissue hypoxia. In this context, strikingly different Epo response to 350 Torr hypoxia between normal and cyanated mice, which were not different in Ht and Hb concentration from each other (Fig. 4, Table 3 ), could be interpreted as that the elevated oxygen affinity (P50: 30 Torr) in the latter might be more optimal for oxygen transport in this intensity of hypoxia than the normal P50 (40 Torr) in the former. Under more intense hypoxia of 200 Torr, this advantage of the higher oxygen affinity vanished, and we found similarly increased plasma Epo in both normal and cyanated mice (Fig. 4, Table 3 ). Similar studies but somewhat dissimilar results on normal and cyanated rats have been reported by LECHERMANN and JELKMANN (1985) . They showed a significantly higher Epo in cyanated rats under normoxia and moderate hypoxia (4,750 m simulated altitude), but we did not (Fig. 4, Table 3 ). This discrepancy can be attributed to species difference and also the different ways of NaCNO treatment. We used administration of NaCNO in which the elevation of blood Oxygen affinity occurred so gradually that physiological compensatory mechanisms could intervene, while their way was exchange transfusion of NaCNO-treated blood in which the acute elevation without physiological compensations might induce tissue hypoxia even under normoxic conditions. Epo and erythroid colony inhibiting factor(s). As shown in Fig. 7 , colony-inhibiting factor(s) decreased inversely to plasma Epo titers during hypoxia exposure. A possibility can be suggested that under hypoxia both of the increased HYPOXIA   AND  PLASMA  ERYTHROPOIETIN  845 colony-stimulating factor (Epo) and decreased inhibiting factor(s) may accelerate synergistically red cell production by bone marrow. At present, the nature of the inhibiting factor(s) remains to be clarified.
